Superparamagnetic γ-Fe 2 O 3 nanoparticles (5 nm diameter) were synthesized in water. The bare particles exhibit good colloidal stability at ~ pH 2 because of the strong electrostatic repulsion with a surface charge of +25 mV. The polyacrylic acid (PAA)-coated particles exhibit remarkable colloidal stability at ~ pH 7 with abundant free carboxyl groups as reactive sites for subsequent functionalization. In this work, we used zeta potential analysis, transmission electron microscopy, small angle X-ray scattering, and Inductively coupled plasma mass spectrometry to investigate the adsorption behavior of U (VI) on bare and coated colloidal superparamagnetic nanoparticles at pH 2 and pH 7. At pH 2, uranyl ion (UO 2 2+ ) absorbed on the surface of the bare particles with decreasing particle surface charge. This induced particle agglomeration. At pH 7, uranyl ion (UO 2 2+ ) hydrolyzed and formed plate-like particles of uranium hydroxide that were ~ 50 nm in diameter. The PAA-coated iron oxide nanoparticles absorbed on the surface of these U (VI) hydroxide plates to form large aggregates that precipitate to the bottom of the dispersion. At both pH 2 and pH 7, the resulting U (VI)/nanoparticle complex can be easily collected and extracted from the aqueous environment via an external magnetic field. The results show that both bare and polymer-coated superparamagnetic γ-Fe 2 O 3 nanoparticles are potential absorbents for removing U (VI) from water.
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Abstract:
Superparamagnetic γ-Fe 2 O 3 nanoparticles (5 nm diameter) were synthesized in water. The bare particles exhibit good colloidal stability at ~ pH 2 because of the strong electrostatic repulsion with a surface charge of +25 mV. The polyacrylic acid (PAA)-coated particles exhibit remarkable colloidal stability at ~ pH 7 with abundant free carboxyl groups as reactive sites for subsequent functionalization. In this work, we used zeta potential analysis, transmission electron microscopy, small angle X-ray scattering, and Inductively coupled plasma mass spectrometry to investigate the adsorption behavior of U (VI) on bare and coated colloidal superparamagnetic nanoparticles at pH 2 and pH 7. At pH 2, uranyl ion (UO 2 2+ ) absorbed on the surface of the bare particles with decreasing particle surface charge. This induced particle agglomeration. At pH 7, uranyl ion (UO 2 2+ ) hydrolyzed and formed plate-like particles of uranium hydroxide that were ~ 50 nm in diameter. The PAA-coated iron oxide nanoparticles absorbed on the surface of these U (VI) hydroxide plates to form large aggregates that precipitate to the bottom of the dispersion. At both pH 2 and pH 7, the resulting U (VI)/nanoparticle complex can be easily collected and extracted from the aqueous environment via an external magnetic field. The results show that both bare and polymer-coated superparamagnetic γ-Fe 2 O 3 nanoparticles are potential absorbents for removing U (VI) from water.
Introduction
Uranium sequestration is an important goal due to prior weapons production, uranium ore mining process, spent fuel reprocessing, and the increasing interest in nuclear power. Uranium is radioactive and toxic and mainly exists as U (IV) and U (VI); U (IV) is a less soluble form and is only found in relatively reducing environments. U (VI) is the most common oxidation state, and it exists as the uranyl ion (UO 2 2+ ) with different aqueous complexes of uranyl including hydroxide and carbonate. Tools to remove uranium (VI) from aqueous solutions include chemical precipitation [1] , membrane dialysis [2] , solvent extraction [3] , flotation [4] , and adsorption [5] [6] [7] [8] .
Extraction [9, 10] and adsorption [11] are the most valid ways to eliminate U (VI) from aqueous solutions. Adsorption is simple and has little secondary pollution, and numerous absorbents such as carbon [12] , bentonite [13] and polymers [14] have been developed. To more easily extract adsorbed U (VI) from water, a variety of magnetic adsorbents such as magnetite [15] , Fe 3 O 4 @TiO 2 [11] , or novel magnetite nanoparticles containing calix arenes [16] have recently been used as a host absorbent to sequester the U (VI). The strategy is usually to functionalize these magnetic adsorbents with a specific chelator to UO 2 2+ and then extract the adsorbed U (VI) with a magnetic adsorbent and an external magnetic field.
This strategy works well at lower pH (pH < 5.5), but the ligand groups are usually deprotonated at increasing pH. This increases the effective chelating sites.
However, UO 2 2+ hydroxide can form at ~ pH 7. This is not conducive to chelation, and this limits practical applications of extraction/adsorption in neutral media [17] .
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Here, we synthesized highly stable 5 nm colloidal γ-Fe 2 O 3 superparamagnetic nanoparticles (NPs). We then coated them with polyacrylic acid (PAA), which offers remarkable colloidal stability (years) as well as reactive carboxyl groups for subsequent functionalization. The bare and coated particles could absorb U (VI) at pH 2 and pH 7, respectively. Small-angle X-rays scattering (SAXS) was used to investigate the adsorption of U (VI) in these colloidal system via a combination of zeta potential analysis, transmission electron microscopy, and ICP-MS. The adsorption mechanism at pH 2 and pH 7 is also discussed. The results show that bare and PAA-coated particles can absorb U (VI) with good performance (the distribution coefficient K d >10 3 ml/g) in both acidic and neutral pH environment. Moreover, the absorbed complexes can be extracted from aqueous media via an external magnetic field. (Figure 1 ).
Materials and Methods
Materials
The pattern is characteristic of maghemite (γ-Fe 2 O 3 ). Size sorting was used to reduce the polydispersity of the γ-Fe 2 O 3 NPs using successive liquid-liquid phase separations induced by addition of nitric acid [22] .
Adding large amounts of nitric acid decreased the pH from 2 to 0.5 and increased the ionic strength. The phase separation is liquid-gas, and the more concentrated phase was separated via magnetic sedimentation. The concentrated phase was called -C‖, and the diluted phase is -S‖ (for supernatant). Prior studies [18, 23] showed that the concentrated phase contained the largest particles, and the diluted phase contains the smallest ones.
The flocculated particles in -C‖ were then redispersed by adding water to increase the pH from 0.5 to 1.8. This also decreases the ionic strength via dilution.
The -S‖ phase contains dispersed particles and counterions (especially nitrate, NO 3 -) that must be removed. In this way, the γ-Fe 2 O 3 NPs are sorted in two batches: -C‖ and -S‖ containing larger and smaller particles, respectively. The process of sorting using phase separation can be repeated on -C‖ leading to C1C and C1S (-S1C‖ and -S1S‖ can be prepared similarly). Ultimately, γ-Fe 2 O 3 nanocrystals with nominal diameters of 5 nm suspended in acidic aqueous media (pH 1.8) were obtained with 8 polydispersity of 0.18.
Next, the bare NPs were coated in an acidic environment with 15000 g·mol -1 PAA using the precipitation-redispersion process [24] . The drop-by-drop addition of a solution of PAA at pH = 1.8 led to a dispersion of bare NPs at pH = 1.8. This resulted in precipitation of the nanocrystals with polymer chains adsorbed to the surface. Here the mass ratio between added PAA and bare NPs was 10:1 in order to achieve coating saturation.
Single particles were then recovered by redispersion at pH = 10 with NH 4 OH.
The PAA-coated NPs were purified via dialysis in deionized water to remove the excess un-coated PAA and other impurities. The coating process is illustrated in Scheme 1. The resulting PAA 15K -coated NPs (denoted NP-PAA 15K ) were stored in neutral aqueous media (in H 2 O at pH 7). The stability and resilience of the poly(acrylic acid) coating have been investigated previously [25] . These results confirm the presence of a highly resilient PAA adlayer on the γ-Fe 2 O 3 nanoparticles-this is crucial for many applications. Moreover the electrostatic density e.g. the average density of carboxylic acid groups around NPs was calculated to be n coo-= 28 nm -2 with a percentage of chargeable coo -of 60% by using the method reported previously [25] . These results show that the present coating method ensures a uniform and dense coating of the particles, with an elevated and constant density of chains and charges.
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Scheme 1. Representation of the coating process using positively charged bare
NPs and negatively charged PAA oligomers.
Adsorption
Centrifuge tubes were cleaned in an ultrasonic bath using warm (40°C) water for 30 min. They were then washed twice with normal tap water, soaked in double 
Characterization
The zeta potential was monitored on a multi-angle particle size and zeta potential analyzer (Brookhaven NanoBrook Omni). Transmission electron microscopy (TEM) 
Results and Discussion
Adsorption in acidic environment (pH 2)
The U (VI) adsorption of bare NPs was first investigated at pH 2. In this case, the U (VI) stays as UO 2 2+ to complex with the surface hydroxyl groups on the bare NPs. 
Here, Δρ is the difference in electron scattering length density between the aqueous solution and γ-Fe 2 O 3 particles, R is the particle radius, N 0 is the total number of particles per unit volume, R med is the median radius, σ is the width of the size distribution, σ is the polydispersity parameter, and P(qR) is the form factor of spheres.
The fitted median diameter is 4.98 nm with a polydispersity index of 0.3. The intensity at low q region increases after adsorption indicating NP agglomeration. In this case, the data cannot be fitted via the individual particle model. 
Adsorption in neutral environment (pH 7)
Uranyl species are oligomeric above pH 5 and at moderate initial UO 2
2+
concentrations. They are mainly (UO 2 ) 3 (OH) 5 + species due to hydrolysis. [27, 28] 
Adsorption performance
The adsorption capacity of these bare and coated particles was then quantitatively 
Here, K d is the sorption distribution ratio in mL g -1 , C 0 and C t are the concentrations of U (VI) in the solution before and after contact with the solid phase in mol dm -3 , V is the volume of the aqueous phase in mL, and m the mass of the solid phase in grams.
The behavior of U (VI) collection by bare and coated NPs as a function of U (VI)
concentration is shown in Figure 8 . We also studied the influence of size sorting on the adsorption performance. In pH 2 and at the highest U (VI) concentration (7.84 × 10 -8 mol cm -3 ) in the previous concentration range, the K d from original bare NPs was compared with the one from size sorted bare NPs. As shown in Figure 9 , size sorted bare NPs present higher adsorption ability than the original one. 
4, Conclusion
In this work, bare and polymer-coated NPs were synthesized for adsorption of U (VI) from solution. In acidic pH (~ 2), the bare NPs were used to absorb the UO 2
2+
ions. The corresponding distribution coefficient K d was ~ 10 3 ml/g. TEM and SAXS data show that the NPs aggregated after adsorption because the electrostatic balance near the particle surface charge changed in the presence of UO 2 2+ . At neutral pH (~ 7), uranyl hydrolyzed and formed a plate-like hydroxide as seen in both TEM and SAXS.
These plate-like hydroxide particles were 20~50 nm in diameter and ~ 5 nm thick.
The PAA-coated NPs absorbed/captured these U (VI) hydroxides. TEM and SAXS evidenced the effective adsorption of PAA-coated NPs on the surface of the (VI) 20 hydroxide. This generated bigger hybrid aggregates that can be easily extracted from aqueous medium via an external magnetic field. The corresponding distribution coefficient K d was ~ 2×10 3 ml/g. These results show that the bare and coated superparamagnetic NPs obtained by a simple co-precipitation procedure could be an effective absorbent for the removal of U (VI) from aqueous media.
